Three novel hybrid materials have been synthesized by ligands: N- and N-furan-2-ylmethylene-benzene-1,2-dimine (OBD), covalently linking to multi-walled carbon nanotubes (MWCNTs). These MWCNT hybrid materials were used both as ionophores and as ion-to-electron transducers to construct Ag + carbon paste electrodes. The resulting electrodes show higher selectivity to Ag + than other cations tested. Among the three electrodes, the electrode based on SBD-g-MWCNTs with optimum composition shows the best performance to Ag + . It exhibits an excellent Nernstian response to Ag + in the concentration range from 8.8 × 10 -8 to 1.0 × 10 -1 M with a detection limit of 6.3 × 10 -8 M, and it can also be used over a wide pH range of 3.0 -8.0 with a quick response time of 5 s. The response mechanism of the proposed electrode was also investigated by using AC impedance and UV-vis spectroscopy techniques.
Introduction
The focus of ion-selective electrodes (ISEs) research has been redirected during recent years from liquid contact ISEs toward solid contact ion-selective electrodes (SC-ISEs).
1 SC-ISEs as the most promising potentiometric sensors have attracted considerable attention due to their excellent analytical performance, robustness and easy handling. [2] [3] [4] Solid material transducers are the most important aspect for SC-ISEs, because they can reversibly and efficiently convert a chemical event into an electronic signal. 5 Carbon nanotubes (CNTs) possess interesting physicochemical properties, such as ordered structure, high surface-to-volume ratio, high mechanical strength and high electrical conductivity. [6] [7] [8] So they have been frequently applied in the area of electrochemical sensors. [9] [10] [11] Several types of CNTs with different degrees of functionalization have also been proved to be excellent ion-to-electron transducers in SC-ISEs. [12] [13] [14] In general, there are two alternative approaches reported for the use of CNTs in ISEs. One is that CNTs are used as solid contact layers by dropping CNTs solution on the prepared electrodes. 15 The other is that CNTs as dopants are directly mixed with ionophore and graphite powder in carbon paste electrodes. 16 However, these approaches lead to recognition and transduction events in two separate layers or materials.
In comparison with membrane electrodes, carbon paste electrodes (CPEs) as ISEs have gained considerable attention due to their advantages of stable response, renewable surfaces, wide operational window, low ohmic resistance, no need for internal solution and easy modification. 17, 18 Easy modification is one of the most valuable features for CPEs. This is because the introduction of a chemical modifier, which is able to complex or attract metal ion on the electrode surface, makes the modified carbon paste electrodes (MCPEs) exhibit more sensitive electroanalytical procedures with lower detection limit values. 19 There are various methods available for the determination of silver: atomic absorption spectrometry (AAS), 20 inductively coupled plasma in combination with atomic emission (ICP-AES) 21 or mass spectrometry (ICP-MS). 22 But these techniques often require sample preconcentration and matrix separation. Thus, they are considered as time consuming, labor-intensive and consumables-intensive.
However, potentiometric detection based on ISEs 23 offers several advantages, such as fast response, easy preparation, simple instrumentation, low cost, wide linear dynamic range, 24 good selectivity 25 and lower detection limit. 26 For instance, Jágerszki et al. reported a potentiometric sensor based on ionophore-gold nanoparticle conjugates for determination of Ag + . Furthermore, ionophore-nanoparticles were used for the first time in the ISE area. 27 Lindfors et al. developed polyaniline nanoparticle-based solid-contact silicone rubber ISEs for ultratrace measurements, and the materials show very good potential selectivity for Ag + . 1 Therefore, in this work, potentiometric methods are appropriate choices for determination of Ag + . In this study, we report on the synthesis and comparative analysis application of multi-walled carbon nanotubes (MWCNT) hybrid materials (SBD-g-MWCNTs, NBD-gMWCNTs and OBD-g-MWCNTs). The MWCNT hybrid materials with both recognition and transduction properties were used as the integrated ionophore-transducer materials to construct Ag + CPEs. Such a procedure makes the electrode more facile to prepare without any additional step to produce the transducer layer, like other electrodes. The Ag + CPE based on SBD-g-MWCNTs in potentiometric detection shows the best performance characteristics among the three MWCNT hybrids CPEs.
Experimental

Reagents and chemicals
MWCNTs with diameters within 10 -20 nm and purity >95% were purchased from Chengdu Organic Chemicals Co. Ltd. of the Chinese Academy of Science. 1-(3-Dimethylaminopropyl)-3-ethylcarbodiimide hydrochloride (EDC) and N-hydroxy succinimide (NHS) were purchased from Sigma Chemical Co. (St. Louis, MO). Graphite powder, paraffin oil, thiophene-2-carbaldehyde, furan-2-carbaldehyde and pyridine-2-carbaldehyde were purchased from Sigma-Aldrich, USA; all of them were analytical-reagent grade. The nitrate salts of the cations used along with O-phenylenediamine were obtained from Chemical Reagent Co. (Shanghai, China). All aqueous solutions were prepared with deionized water.
Apparatus
Potentiometric measurements were performed with an MP230 pH meter (Metter Toledo, Switzerland) and a pHS-3C digital ion analyzer (Shanghai Dazhong Analytical Instruments, Shanghai, China). The AC impedance was recorded with an impedance measurement unit (IM6e, ZAHNER Elektrick Co., Germany); the frequency range used was 10 -2 -10 6 Hz (25 C). IR spectra of matrix (MWCNT-COOH) and MWCNT hybrid materials were recorded with a Spectrum GX FTIR instrument (Mattson RK-6000, USA). UV-visible absorption spectra were obtained on a UV/Vis spectrophotometer (Lambda 17, Perkin-Elmer, USA).
Preparation of ionophore
N-(2-Vinylsulfanyl-ethylidene)-benzene-1,2-dimine (SBD) was synthesized according to the method reported in the literature. 28 Thiophene-2-carbaldehyde (0.01 mol, 1.12 g), O-phenylenediamine (0.01 mol, 1.08 g) and proper catalyst (acetic acid) in ethanol (20 ml) were heated under reflux for 4 h. The product was obtained in the form of yellow crystals, after the reaction mixture had been cooled to room temperature.
The preparation of N-furan-2-ylmethylene-benzene-1,2-dimine (OBD):
29 a mixture of O-phenylenediamine (0.01 mol) and furan-2-carbaldehyde (0.01 mol) in methanol was refluxed for 6 h. OBD was obtained after the reaction mixture was filtered. The synthetic method of N-pyridin-2-ylmethylene-benzene-1,2-dimine (NBD) was similar to that of OBD, except that pyridine-2-carbaldehyde was used instead of furan-2-carbaldehyde.
Oxidation of MWCNTs (MWCNT-COOH) was performed as reported earlier. [30] [31] [32] The preparation process of SBD-g-MWCNTs ( Fig. 1 ) was as follows. 33 Firstly, the MWCNT-COOH (150 mg) were activated with EDC and NHS in ethanol; the mixture was next stirred for 8 h at room temperature. Then, excess SBD was added to the above mixture, and this combination was stirred for 12 h at room temperature. Finally, the mixture was centrifuged and washed repeatedly with ethanol to remove the unreacted SBD. The preparations of NBD-g-MWCNTs and OBD-gMWCNTs were done in a similar method of SBD-g-MWCNTs, except that NBD and OBD were added to the mixture in place of SBD.
FT-IR spectroscopy was performed to characterize the MWCNT hybrid materials. IR MWCNT-COOH (KBr, cm -1 , Fig 
Preparation of modified carbon paste electrodes (MCPEs)
Some tubes such as the electrode body must be prepared before fabricating the MCPEs. A disposable polyethylene syringe (f = 3 mm) was cut off 3 cm in length. This tube was burnished on abrasive paper. Then, different amounts of the MWCNT hybrids along with graphite powder (75 mg) and an appropriate amount of paraffin oil were thoroughly mixed. The homogeneous paste was carefully packed into the electrode body, which was then intensively pressed with a glass rod. A copper wire was inserted into the other end of the electrode. The electrode surface was polished on a piece of soft paper until the surface had a shiny appearance. A new surface was obtained by scrapping away the old surface. The electrodes were finally conditioned for 24 h in HNO3 solution (pH 3.0).
EMF measurements
The potential measurements were carried out through a digital ion analyzer Model pHS-3C at room temperature. A saturated calomel electrode was used as the reference electrode. The galvanic cell can be represented as follows:
Hg-Hg2Cl2, KCl (satd.)|1.0 M KNO3|test solution||carbon paste electrode|Cu The performance of the electrode was investigated by measuring the potential in 10 -1 to 10 -8 M silver nitrate solutions. The activities of metal ions were calculated according to the Debye-Hückel equation. 34 
Results and Discussion
Composition and potential response characteristics of MCPEs
The sensitivity and linearity of the MCPEs depend significantly on the amount of MWCNT hybrids in the electrode composition. Thus, several electrodes with different compositions were fabricated and investigated ( Table 1 ). The results show that the electrodes of Nos. 5, 8, 15 are optimal for the Ag + detection. Figure 3 shows the calibration curves of these three electrodes and the matrix (MWCNT-COOH) electrode. As can be seen in Fig. 3 , MWCNT hybrid electrodes exhibit wider linear ranges and lower detection limits than those of MWCNT-COOH electrode. In addition, linear ranges and detection limits of three MWCNT hybrid electrodes tend to improve in this order of modifier: OBD-g-MWCNTs, NBD-g-MWCNTs, SBD-g-MWCNTs. This result may be explained by HSAB theory. It is well known that the reaction of a soft acid with a soft base is the easiest among acid-base reactions, and the reaction of a soft acid with a borderline base is easier than that of a soft acid with a hard base. The heavier transition metal Ag + is a soft acid. The OBD-g-MWCNTs is a hard base and the SBD-g-MWCNTs is a relatively soft base. The basicity of NBD-g-MWCNTs, called a borderline base, is between OBD-g-MWCNTs and SBD-g-MWCNTs. So, the above result is reasonable according to HSAB theory.
We used electrode No. 15 (Table 1) to detect different cations (Figs. 4A and 4B ). As seen, the electrode exhibited higher selectivity toward Ag + than other cations. Hence, the SBD-g-MWCNTs was suitable to act as the integrated ionophore-transducer material to construct Ag + CPE.
Stability, reproducibility, lifetime and dynamic response time
The measurements of these four analytical parameters were performed and the results are summarized in Table 2 . The electrodes Nos. 5, 8 and 15 in Table 1 
Selectivity of MCPEs
Selectivity is one of the most important characteristics of ion-sensitive sensor, its value is expressed in terms of the potentiometric selectivity coefficients. 35 In this work, selectivity coefficients of the sensors were evaluated by using the fixed interference method (FIM). 36, 37 In the FIM, the selectivity coefficients were determined from potential measurements of solutions containing a fixed concentration of interfering ions (1.0 × 10 -2 M) and varying amounts of Ag + ion. The values of selectivity coefficients for most responsive MWCNT hybrid electrode (Nos. 5, 8, 15) and MWCNT-COOH electrode are shown in Table 3 . These results reveal that MWCNT hybrid electrodes exhibit fairly high selectivity towards Ag + , more than the values over other interfering ions except for Al 3+ . The carbon nanotubes probably have some response toward Al 3+ in high concentration. In addition, the selectivity coefficients of MWCNT-COOH electrode dramatically decrease, by three to four logarithmic orders of magnitude, compared to those of MWCNT hybrid electrodes. The grafting of ligands on the MWCNTs is mainly localized at the open ends and the side wall defects of the MWCNTs; thus, the ligand molecules are close to each other. This favors the formation of sandwich complexes between two ligand molecules and the Ag + , which provides an increased affinity. 5 The specific configuration, in which the ligands were grafted to the carbon nanotubes, may be responsible for the impressive selectivity coefficients reported for Ag + .
Effect of pH on electrode performance
The effect of pH on the potentiometric response of the SBD-g-MWCNTs electrode was tested over the pH range 1.0 -10.0 (adjusted with HNO3 and NaOH) for 1.0 × 10 -2 and 1.0 × 10 -3 M Ag + solution. Figure 6 indicates that the working pH range of the electrode is 3.0 -8.0. However, outside this range, the electrode response changed significantly. The potentiometric response of the electrode changes at higher pH values due to the formation of some hydroxyl complexes of Ag + , 38 while the response at lower pH values seems ascribable to the competitive binding of protons to the ligands on the electrode surface.
39,40
Mechanism of silver ion response
In order to obtain a clue about the possible mechanism of the proposed electrode to Ag + , the UV-vis spectra were carried out. Since three MWCNT hybrids are similar in structure and play the common role in interaction with Ag + , we will just carry out UV-vis studies related to SBD-g-MWCNTs as an example. The observed spectral shifts suggest that interactions took place between the modifiers and Ag + . In addition, the shift of the spectral peak for SBD-g-MWCNTs is far more than that of MWCNT-COOH.
This may indicate that the integrated ionophore-transducer materials play a more significant role in Ag + sensors than the matrix does. Electrochemical impedance spectroscopy (EIS) can provide effective information on the impedance changes of the electrode Figs. 8A -8C . Perfect semicircle bulk impedance at the high frequency region and Warburg impedance at the low frequency region are observed. As can be seen, the bulk resistances of three electrodes decrease with the increasing of Ag + concentration; this trend indicates that MWCNT hybrids dominate Ag + across the membrane and that the transfer process is controlled by diffusion. 41 The CPE response is attributed to the electron-exchange mechanism at the membrane-contact interface and the ion exchange at the membrane-solution interface. 42 
Comparative analysis of matrix with hybrids
Potential response characteristics of different Ag + CPEs are shown in Table 4 . The electrode based on the matrix exhibits a Nernstian response to Ag + . The shiny surface of the electrode was ruined due to the hydrophilicity of the matrix when the electrode was used to determine Ag + aqueous solution. These results may indicate that the matrix can directly interact with Ag + on the surface of CPE. The SBD-g-MWCNTs electrode shows a wider linear range and a lower detection limit than both matrix electrode and SBD electrode. So, this new method of immobilizing ligands on MWCNTs can improve the potential response characteristics of CPEs.
Conclusions
This paper describes and compares three MWCNT hybrids (SBD-g-MWCNTs, NBD-g-MWCNTs and OBD-g-MWCNTs) for construction of Ag + CPEs. Calixarene, crown ether or schiff base was generally used as ionophore in previous fabrication of ISE. So, MWCNT hybrids open up a new direction for the carrier of ISE. The sensor with the SBD-g-MWCNTs/graphite powder/paraffin oil percentage ratio of 6.3/67.1/26.6 shows the best performance in terms of dynamic range and detection limit. Moreover, the electrode exhibits a short response time of 5 s, good selectivity, stability and reproducibility for Ag + . Furthermore, the performance of SBD-g-MWCNTs electrode is comparable with values of recently reported electrodes (Table 5) overall and shows significant superiority. So, MWCNT hybrids are novel and superior ionophores of ISEs. GP, graphite powder; PO, paraffin oil; LR, linear range; DL, detection limit. 
